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Mitochondrial DNA (mtDNA) is inherited as a protein–DNA complex (the nucleoid). Proteins associated with the nucleoid are not only
components directly involved in maintenance and propagation of mtDNA but can also be bi-functional enzymes whose metabolic activities are not
directly related to mtDNA stability. In the yeast Saccharomyces cerevisiae, one such enzyme, Ilv5p is required for branch chain amino acid
biosynthesis but also associates with the nucleoid. Deletions of ILV5 lead not only to metabolic defects but also to destabilization of mtDNA.
Further, minor overproduction of Ilv5p stabilizes mtDNA in strains lacking Abf2p, a major mtDNA binding and packaging protein. Here we show
that Ilv5p binds double-stranded DNA in vitro and is unaffected by the presence of saturating concentrations of Abf2p. In cells lacking Abf2p the
amount of Ilv5p associated with the nucleoid increases significantly and is proportional to the mitochondrial concentration of Ilv5p. Altogether, we
conclude that direct binding of Ilv5p can aid in the maintenance and stabilization of mtDNA.
© 2007 Elsevier B.V. All rights reserved.Keywords: Ilv5p; mtDNA; Nucleoid; Mitochondria; Yeast1. Introduction
Eukaryotic cells must faithfully maintain, replicate and trans-
mit their mitochondrial DNA (mtDNA) in order to ensure res-
piratory competence, as mitochondrial genomes encode a small
subset of proteins that are essential for organellar functions. In
the yeast Saccharomyces cerevisiae, mtDNA encodes eight
major proteins, seven of them components of the oxidative
phosphorylation system. All other mitochondrial proteins in-
cluding those involved in maintenance and replication of
mtDNA are encoded by the nuclear genome, synthesized in
the cytosol, and translocated into mitochondria.⁎ Corresponding author. Tel.: +48 58 523 6313; fax: +48 58 301 9222.
E-mail address: marszalek@biotech.ug.gda.pl (J. Marszalek).
1 These authors contributed equally to this work.
2 Current address: Max Delbrueck Center for Molecular Medicine, Robert
Roessle Street 10, D-13092 Berlin, Germany.
0167-4889/$ - see front matter © 2007 Elsevier B.V. All rights reserved.
doi:10.1016/j.bbamcr.2007.09.009Maintenance of mtDNA in S. cerevisiae is not essential for
survival and under laboratory conditions cells depleted of the
mitochondrial genome are able to survive as long as a fermen-
table carbon source (e.g. glucose) is provided in the media.
However, these cells are unable to respire, cannot utilize non-
fermentable carbon source (e.g. glycerol), grow slowly and
form small colonies. Therefore, in their natural environment
they are most likely unable to compete with cells harbouring
intact mtDNA.
Mechanisms of inheritance and molecular organization of
mtDNA are not well understood (for a recent review see [1]).
mtDNA is organized into protein–mtDNA complexes that are
called mitochondrial nucleoids, which are implicated as the
functional units of mtDNA maintenance and inheritance [2]. In
S. cerevisiae the list of proteins which have been identified as
components of mitochondrial nucleoids is surprisingly long. So
far, over 20 proteins have been identified as associated com-
ponents of the nucleoid [1]. Among them are proteins which are
known to be involved in mtDNA metabolism such as:
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DNA-binding protein, Rim1p; mitochondrial RNA polymerase,
Rpo41p; and a mtDNA packaging protein, Abf2p. Surprisingly,
the majority of proteins detected in the nucleoid are metabolic
enzymes (e.g. Ilv5p, Aco1p) and mitochondrial chaperones
(e.g. mtHsp70, Ssc1p; mtHsp60) whose functions seem not to
be directly related to propagation and maintenance of mtDNA.
The precise biological role of these “bi-functional” components
of the nucleoid remains to be elucidated.
The core packaging element of the nucleoid is a non-histone,
high mobility group (HMG) protein called Abf2p [3]. This
monomeric (∼20-kDa) positively charged mtDNA-binding
protein contains two HMG boxes and binds double-stranded
DNA non-specifically. Biophysical studies indicated that Abf2p
introduces sharp bends into the DNA backbone, which might
facilitate compacting of mtDNA [4,5]. Yeast mitochondria
contain Abf2p at sufficient concentration to possibly coat the
entire mitochondrial genome at an estimated ratio of 1 molecule
for every 15–30 bp of mtDNA [6]. Deletion of the ABF2 gene is
not lethal, however the mitochondrial genome in such cells is
unstable [2,7]. When abf2Δ cells are grown on media that
contain a fermentable carbon source (glucose), mtDNA is either
completely lost (rhoo) or retained with extensive deletions
(rho−) [8,9]. The molecular mechanism of either of these
transformations is not well understood. In contradiction, when
abf2Δ cells are grown in media containing a non-fermentable
carbon source functional mtDNA is maintained, albeit with
significantly reduced mtDNA load, altered nucleoid morphol-
ogy and increased sensitivity to DNA damaging agents [8].
Interestingly, Abf2p can be replaced by mitochondrially
targeted heterologous proteins that bind DNA in a sequence
unspecific manner such as bacterial protein HU, human
mitochondrial transcription activator TFAM or non-histone
protein NHP6A [7,10,11].
It is most likely, therefore, that Abf2p is not the only factor
involved in packaging the mtDNA. What other proteins could
also be involved? Recent results point to metabolic enzymes
such as Ilv5p (acetohydroxyacid reductoisomerase) or Aco1p
(aconitase) which were identified as components of the nucleoid
[12,13]. Ilv5p is a highly expressed enzyme localized in the
mitochondrial matrix that functions in branch chain amino acid
biosynthesis [14,15]. As expected, deletion of ILV5 results in
auxotrophy for valine, leucine, and isoleucine. However sur-
prisingly, ilv5Δ cells accumulate the non-functional rho− form
of mtDNA in cells growing on fermentable carbon source,
indicating that Ilv5p is somehow involved in the maintenance of
an intact mitochondrial genome [12]. Moreover, minor over-
expression of Ilv5p in cells lacking Abf2p results in significant
stabilization of wild-type mtDNA [12]. The latter results strong-
ly suggest that Ilv5p might replace the function of Abf2p in the
mitochondrial nucleoid.
In this report we show that purified Ilv5p binds double-
stranded DNA with no apparent sequence specificity. We also
show that in cells lacking Abf2p the amount of Ilv5p present in
the isolated mitochondrial nucleoid increases significantly in
comparison to the wild-type cells. Altogether, we provide evi-
dence that direct interaction of Ilv5p with mtDNA can explainits role in the maintenance and stabilization of mitochondrial
genome.
2. Materials and methods
2.1. Yeast strains, plasmids and growing conditions
Yeast strains used in this study were isogenic derivatives of wild-type
14WW (MATa ade2-1 ura3-52 trp1 leu2-3,112 cit1::LEU2). The abf2::TRP1
derivative of 14WW has been described in [12]. To obtain abf2::TRP Ilv5p↑ the
indicated strain was transformed with pRS416-ILV5 carrying the ILV5 gene.
Yeast were grown on YP medium (1% yeast extract and 2% Bacto peptone and
2% glucose or 3% glycerol, as indicated) or synthetic complete medium [16]
lacking tryptophan and uracil when required. For purification of Ilv5p and
Abf2p from Escherichia coli, plasmids pET24d Ilv5p-His and pET24d Abf2p-
His were used, respectively. Strains and plasmids described above were kindly
provided by Dr. Ron Butow, University of Texas Southwestern Medical Center.
All chemicals, unless stated otherwise, were purchased from Sigma.
2.2. Protein purification
All purified proteins used in this study were tagged with 6 His residues at
their C-terminus. Ilv5pHis and Ilv5p(W327R)His-E. coli, BL21(DE3) cells
transformed with pET24d Ilv5pHis or pET24d Ilv5p(W327R)His were grown in
6 l LB (Luria broth [17]) supplemented with kanamycin. At OD600=0.8,
isopropyl-β-D-thiogalacto-pyranoside (IPTG) was added to the final concentra-
tion of 0.8 mM and cells were grown for another 3 h. Cells were harvested by
centrifugation for 10 min at 8000 ×g, suspended in buffer N (50 mM Tris–HCl,
pH 8.0; 500 mM KCl; 10% (v/v) glycerol; 0.05% (v/v) Triton X-100; 0.5 mM
phenylmethylsulphonyl fluoride, PMSF) and lysed using a French Press, at
1000 psi. Extracts were clarified by centrifugation (25,000 ×g) for 30 min at
4 °C. The clear supernatant was loaded onto 2 ml Ni-NTA column equilibrated
with buffer N with 10 mM imidazole. The column was washed with 10 volumes
of buffer N with 10 mM imidazole. Bound proteins were eluted by a linear 10–
250 mM imidazole gradient in buffer N (20 column volumes). Fractions con-
taining Ilv5p were collected and dialyzed against buffer P (20 mM KPi, pH 6.8;
10% (v/v) glycerol; 0.05% Triton X-100; 2.5 mM β-mercaptoethanol; 150 mM
KCl) then loaded on a phosphocellulose (P11) column equilibrated with buffer
P. After washing with 15 column volumes of buffer P, protein was eluted using a
linear 150–800 mM KCl gradient in buffer P. Fractions containing Ilv5p were
concentrated by step elution from small Ni-NTA column using buffer N with
300 mM imidazole, and then dialyzed against buffer I (25 mM Tris–HCl, pH
8.0; 150 mM KCl; 10% (v/v) glycerol; 0.05% Triton X-100).
Abf2pHis-E. coli BL21(DE3) cells transformed with pET24d Abf2p-his were
treated as described for purification of Ilv5p, up to the elution from Ni-NTA
column. Fractions containing Abf2p were dialyzed against buffer D (20 mM KPi,
pH7.0; 10% (v/v) glycerol; 0.05% (v/v) TritonX-100; 2.5mMβ-mercaptoethanol;
200 mMNaCl) and then loaded onto DNA-cellulose column equilibrated with the
same buffer. The column was washed with 10 column volumes of buffer D with
200mMNaCl, and protein was eluted using a linear 200–1000mMNaCl gradient
in buffer D. Fractions containing Abf2p were dialyzed against buffer I.
As judged by the SDS-PAGE and staining by coomassie blue all purified
proteins were 95% pure (Supplementary Figs. S1 and S2). Protein concentra-
tions, determined using the Bradford (Bio-Rad) assay system using bovine serum
albumin as a standard, are expressed as the concentration of monomers.
2.3. Preparation of DNA for gel mobility shift assay
Plasmid pMM118 (4.5 kb) was constructed from plasmid pBWM24 (kind gift
of Dr. Walter Neupert, Universitat Muenchen, Germany) which harbours the
mitochondrial ori5 sequence with flanking regions (82329…2600) [18]. Following
digestion with EcoRI and BamHI endonucleases, the resultant ori5− containing
fragment was cloned into plasmid pUC118. ssDNA of pMM118 was obtained
essentially as previously described [17].
ori5 linear dsDNA fragment (71 bp; 82536...82606) [18], was PCR amplified
using primers: ori5-L5′AACAAGAAGATATCCGGGTCC3′ and ori5-R 5′
TATTCTATTGTGGGGGTCCCAA3′. For autoradiography the amplicon was
Fig. 1. Ilv5p binds dsDNA. The DNA-binding activity of purified Ilv5p was
measured by DNA-mobility shift assay as described in “Materials and methods”.
(A) Various concentrations of Jac1pHis (1.0; 4.5; 9 μM) and Ilv5pHis (0.5; 1.1;
2.5; 4.5 μM) were incubated with plasmid pMM118 (0.5 μg) and subjected to
agarose gel electrophoresis followed by ethidium bromide staining. Form I-
supercoiled and Form II-relaxed double-stranded circular plasmid DNA.
(B) SSBHis and Ilv5pHis at (1.1; 2.5; 4.5 μM) concentrations were incubated
with single-stranded circular plasmid DNA (0.5 μg). (C) Jac1pHis (1.0; 2.0;
4.0 μM) and Ilv5pHis at (0.5; 1.0; 2.0 μM) concentrations were incubated with
pBWM24 plasmid DNA (0.5 μg) digested with EcoRI, BamHI and ScaI. ori5−
is a ∼1300 bp fragment of mtDNA containing ori5 sequence. Marker –
GeneRuller 1 kb – Fermentas.
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polynucleotide T4 kinase (Promega).
2.4. Agarose gel mobility shift assay
Proteins and DNAwere incubated at 25 °C for 15 min in buffer A (25 mM
Tris–HCl, pH 8.0; 150 mM KCl; 10% (v/v) glycerol; 0.01% (v/v) NP-40) with
bovine serum albumin (10 μg/ml). Samples were then directly loaded into 0.8%
agarose gel. Electrophoresis was conducted in 1× TBE buffer at room tem-
perature, 25 Vand 70 V for 18 h and 6 h respectively and followed by ethidium
bromide staining.
2.5. Native PAGE band shift assay
8000 cpm of γ-32P-labeled ori5 fragment (71 bp) was incubated alone or
with purified proteins in the same buffer and conditions as for agarose gel band
shift assay, directly loaded on a 4% native polyacrylamide gel and separated at
100 V for 3 h at 4 °C, in 0.5× TBE. After gel drying autoradiography was
performed against a MR-1 film (Kodak).
2.6. Sizing chromatography
Purified proteins or proteins with plasmid pMM118 dsDNAwere incubated
at 25 °C for 15 min in buffer A, and then loaded onto a Sepharose CL-4B
(Pharmacia-Amersham) column equilibrated with buffer B (25 mM Tris–HCl,
pH 8.0; 150 mM KCl). Aliquots from collected fractions were analyzed on
agarose gel for the presence of DNA and by standard SDS-PAGE electrophor-
esis and coomassie blue staining for protein content. Densitometry analyses
were done using Quantity One software (Bio-Rad).
2.7. Nucleoid complex isolation by sucrose gradient centrifugation
Sucrose gradients were prepared in buffer SG containing: 20 mM Tris–HCl,
pH 7.6; 1 mM EDTA; 7 mM β-mercaptoethanol; 1 mM spermidine; and 1 mM
PMSF. Linear 35–70% or 35–60% gradients were prepared in 10 ml test tubes,
frozen on dry-ice, and stored at −70 °C. Before use they were left over night in
the cold room to thaw slowly. Isolated mitochondria (2 mg protein) were
suspended in 0.8 ml of buffer: (20 mM Tris–HCl, pH 7.6; 2 mM EDTA; 7 mM
β-mercaptoethanol) and lysed by addition of 0.5% (v/v) NP-40; 1 mM
phenylmethylsulphonyl fluoride (PMSF); and 3 mM spermidine, and the
mixture was kept on ice for 20 min. Reaction mixtures were loaded onto the top
of the gradient and centrifuged in a Beckman SW41Ti rotor for 16 h, 30,000 ×g
at 4 °C. Following centrifugation fractions (400 μl) were collected from the top
of the gradient and stored at −20 °C for further analysis.
For DNase I treatment, isolated mitochondria (2 mg protein) were suspended
in 0.8 ml of buffer: (20 mM Tris–HCl, pH 7.6; 7 mM β-mercaptoethanol;
without EDTA) and lysed as above with the addition of DNase I to a final
concentration of 10 U/50 μg of protein. The mixture was rotated in the cold
room for 60 min. Reaction mixture was then treated as above.
2.8. Real-time (RT) PCR
DNAwas isolated from aliquots of sucrose gradient fractions using Genomic
Mini (DNA Extraction kit from A&A Biotech, Poland). Real-time PCR was
performed with a LightCycler (Roche Diagnostics, Australia) using SYBR green
dye. The specificity of the real-time PCR assay was determined by melting curve
analysis. Obtained data was calculated using a standard obtained on templates of
known concentration.
2.9. Quantitative western blot analysis
To quantify the amounts of Ilv5p, 20 μl aliquots of fractions from sucrose
gradients were mixed with predetermined increasing amounts of purified Ilv5p,
subjected to SDS-PAGE, transferred to nitrocellulose (Protran, Whatmann) and
immunoblotted using antibodies against Ilv5p (kind gift of Dr. Ron Butow,
University of Texas Southwestern Medical Center). Purified Ilv5p containing
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sucrose gradient fraction giving two separate bands on exposed film (XBU,
Medix, Czech Republic). Therefore the amount of Ilv5p present in each fraction
was estimated by the comparison against known standards.3. Results
3.1. Ilv5p binds double-stranded DNA in vitro
Ilv5p when overproduced is able to compensate for a lack of
Abf2p, the major mtDNA-binding protein, in the yeast mito-
chondrion [12,13]. A simple explanation for this phenomenon is
that Ilv5p similar to Abf2p directly binds mtDNA and thus is
able to replace Abf2p in the nucleoid complex. We thereforeFig. 2. Gel mobility shift analysis of Ilv5p binding to a fragment of mtDNA (ori5). (
0.60, 1.30, 3.20, 9.50 nM) Jac1pHis (0.30, 0.60, 1.20, 2.20, 3.10, 9.20 μM), were incu
on a 4% native PAGE followed by autoradiography. Plots representing percent of bou
the unbound DNA probe. (B) Ilv5pHis binds DNA in the presence of saturating concen
1.30; 2.20; 3.20; 9.50; 19 nM) were incubated with 32P-labeled DNA probe (2.9 nM)
labeled DNA probe (2.9 nM) followed by addition of various concentrations of Ilv5pHstarted our analysis by asking whether Ilv5p binds mtDNA. We
used purified Ilv5p and single- or double-stranded plasmid
DNA (pMM18) containing a fragment of mtDNA (ori5,
∼1300 bp). Incubation of purified Ilv5p with dsDNA followed
by separation of the reaction mixtures on agarose gels produced
double shifted bands with increasing amounts of Ilv5p, indi-
cating that Ilv5p bound both supercoiled (lower band) and
relaxed (upper band) dsDNA (Fig. 1A). Soluble mitochondrial
matrix protein Jac1pHis was used as a negative control. Al-
though the concentration of Jac1pHis was 2 fold higher than the
concentration of Ilv5p, no visible shift of either form of plasmid
DNA was observed. No band shift was observed when Ilv5p
was incubated with ssDNA (Fig. 1B). Retardation of ssDNA by
E. coli single-stranded binding protein (SSBHis) was observedA) Purified Ilv5pHis (0.02, 0.04, 0.15, 0.6, 2.40, 4.80 μM), Abf2pHis (0.20, 0.30,
bated with the 32P-labeled fragment of ori5 (71 bp), (0.36 nM) and then analyzed
nd DNAversus protein concentration were obtained by counting radioactivity of
tration of Abf2pHis. (Left panel) Various concentrations of Abf2pHis (0.30; 0.60;
. (Right panel) Abf2pHis at fixed concentration (19 nM) was incubated with
32P-
is (0.60; 1.00; 1.50; 4.50; 9.00 μM) and samples were treated as described in (A).
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that another mitochondrial bi-functional protein (Aco1p) binds
dsDNA [22] we used purified Aco1pHis as a positive control
(Supplementary Fig. S2). Similar to Ilv5p, incubation of ds
plasmid DNA with Aco1pHis resulted in retardation of both
forms of plasmid DNA. To test if Ilv5p binds to linear dsDNA
we used linearised plasmid pBWM24, containing the same
insert derived from mtDNA (ori5, ∼1300 bp) (Fig. 1C). Clea-
vage of the plasmid generated three fragments, all of which
were bound by Ilv5p albeit with a higher affinity for the insert
containing ori5 sequence (middle fragment, Fig. 1C, Sup-
plementary Fig. S3). To analyze the sequence specificity of
Ilv5p–DNA interaction we performed gel retardation assays in
the presence of various synthetic competitors (Supplementary
Figs. S4 and S5). Presence of the non-specific competitor,
poly (dI–dC) resulted in reduced binding to mtDNA (ori5,
∼1300 bp) as would be predicted for nonsequence-specificFig. 3. Simultaneous binding of Ilv5pHis and Abf2pHis to plasmid DNA measured by
Ilv5pHis proteins (10 μM and 4.5 μM respectively) and plasmid pMM118 DNA (2
chromatography through a Sepharose CL4B column. To determine protein content, fra
blue. To determine DNA content, fractions were subjected to agarose gel electroph
content were obtained by densitometric analysis. Upper panels represent analyses of
proteins incubated with DNA (empty diamond). (B) For each gel filtration experim
fractions 6–12 (corresponding to DNA position, see A) were combined and different
with known quantities of purified Abf2pHis or Ilv5pHis. Bars represent average values
values. (C) Ilv5pHis and Abf2pHis interaction was analyzed using glycerol gradient ce
centrifuged through a 10–30% (v/v) glycerol gradient. The plot representing quantifi
One software (Bio-Rad) after analysis of protein content of fractions by SDS-PAGEinteraction. However, whereas in the absence of the competitor,
template was shifted towards the top of the gel, in the presence
of poly (dI–dC) discrete retarded bands that were observed at
lower concentrations of Ilv5p (Supplementary Fig. S4). Further
analysis employing oligonucleotide competitors showed that
GC rich sequences efficiently out compete Ilv5p binding to the
ori5 fragment. However, Ilv5p–DNA interaction was not sen-
sitive to the presence of AT rich competitor (Supplementary
Fig. S5). From these results we concluded that Ilv5p binds
dsDNA with greater preference for sequences rich in GC base
pairs. Further, they are consistent with a higher affinity of Ilv5p
toward DNA fragments derived from the mtDNA ori5 sequence
as compared to DNA fragments derived from plasmid DNA
(Fig. 1C), consistent with mtDNA containing stretches of GC
rich sequences [18]. At this time, however, we cannot formally
rule out the possibility that high affinity binding site(s) exist
elsewhere on the mitochondrial genome.sizing chromatography. (A) Reaction mixtures containing purified Abf2pHis and
μg) as indicated, were incubated for 15 min at 25 °C and subjected to sizing
ctions were subjected to SDS-PAGE electrophoresis and stained with coomassie
oresis and stained with ethidium bromide. Plots representing protein and DNA
proteins, Abf2pHis (black square), Ilv5pHis (black circle), lower panels indicate
ent, to quantify the amount of protein bound to DNA fragments, aliquots from
amounts of these mixtures were subjected to Western blot analysis and compared
for four separate experiments with error bars representing the range of measured
ntrifugation as described in [20]. Purified proteins (4 μM) were co-incubated and
cation of protein content was obtained by densitometric analysis using Quantity
and silver staining, Ilv5pHis (circles), Abf2pHis (squares).
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formed a band shift assay using a radio labelled short fragment
of ori5 DNA (71 bp) as a probe. Ilv5p bound DNA as shifted
bands are visible (Fig. 2A). Efficient binding of the ori5 frag-
ment was also detected for the major mtDNA-binding protein,Abf2pHis (Fig. 2A, middle panel), whereas Jac1pHis a mito-
chondrial matrix J-type protein, used here as a negative control,
showed no appreciable affinity to the DNA probe (Fig. 2A, right
panel). The affinity of Ilv5p for DNA is rather moderate, as the
concentration of Ilv5p needed for binding 50% of the DNA
113M. Macierzanka et al. / Biochimica et Biophysica Acta 1783 (2008) 107–117probe was approximately 0.5 μM (Fig. 2A). This was much
higher, than the concentration of Abf2p needed to observe a
similar effect (∼1 nM, Fig. 2A). However, it is clear that Ilv5p
binds dsDNA molecules of different length, with moderate
affinity and low sequence specificity.
Because, the enzymatic reaction catalyzed by Ilv5p requires
NADPH, which binds within an active site of the protein [19] we
reasoned that the di-nucleotide binding ability might be directly
responsible for Ilv5p's affinity for DNA. We tested this as-
sumption by determining whether saturating concentrations of
NADPH prevent interaction of Ilv5p with DNA. As no inhibition
of DNA binding was observed (Supplementary Fig. S6) we
concluded that DNA-binding activity of Ilv5p is not related to its
ability to bind NADPH and that under physiological conditions
NADPH would not prevent binding of Ilv5p to mtDNA.
3.2. Ilv5p and Abf2p bind simultaneously to the same molecule
of DNA
Abf2p constitutes the major mtDNA-binding protein in wild-
type cells, yet Ilv5p is still detectable in themitochondrial nucleoid
[6,8]. It was therefore important to determine if both Abf2p and
Ilv5p could bind simultaneously to the same DNA molecule. To
answer this question we tested the formation of protein–DNA
complexes using gel mobility shift assays. Addition of increasing
concentrations of Ilv5p to the reaction mixtures containing satu-
rating levels ofAbf2p (Fig. 2B) resulted in a super-shift, indicating
that Ilv5p was able to interact with the DNA–Abf2p complex.
Gel shift assays have several potential drawbacks which may
affect the interpretation of results: (i) it uses short fragment of
DNA, (ii) the amounts of proteins bound to DNA are difficult to
quantify, and (iii) it did not allow us to distinguish between
direct binding of Ilv5p to DNA and binding of Ilv5p via inter-
action with Abf2p. To overcome these difficulties we used two
alternative experimental approaches: sizing chromatography
and glycerol gradient centrifugation. Upon separation by sizing
chromatography circular plasmid DNA elutes in the void
volume (fractions 6–12, Fig. 3A, lower panel) and proteins
(Abf2p and Ilv5p) in the inclusive volume (fractions 13–30,
Fig. 3A, upper panel). Once complexes are formed, DNA and
protein co-localize, resulting in a shift of the proteins into the
void volume (Fig. 3A, lower panel). For both Ilv5p and Abf2p
incubated separately with plasmid DNA we observed that a
fraction of each protein co-eluted with DNA (Fig. 3A, lower
panel). Moreover, when both Ilv5p and Abf2p were incubatedFig. 4. The amount of Ilv5p associated with the nucleoid increases in strains lacking A
centrifugation of mitochondrial extracts. Mitochondria (2 mg protein) isolated f
overproducing Ilv5p (C), grown for 48 h on glucose containing media, were lysed and
as indicated. Each fraction was analyzed for mtDNA content by PCR amplification of
analysis. (D) Prior to centrifugation mitochondrial extracts were incubated with DNas
content was performed using real-time (RT) PCR by amplification of the ori5 mtDN
indicated by black frames on (A–C). For details see “Materials and methods”. Bars re
values. The difference between mtDNA content in nucleoids isolated from Δabf2 str
Ilv5p present in fractions marked by frames (A–C) 20 μl aliquots of indicated fraction
residues at the C-terminus. Protein mixtures were separated by electrophoresis
Supplementary Fig. S2). Protein content was quantified using densitometric analysis a
mtDNA content in nucleoids isolated from indicated strains grown on glucose. Bars
SD values.together with plasmid DNA both proteins co-eluted with DNA,
indicating that Ilv5p binds DNA in the presence of Abf2p
(Fig. 3A, lower panel). To make sure that both Ilv5p and Abf2p
were interacting with the same DNA molecule, we used high
concentrations of both Abf2p (10 μM) and Ilv5p (4.5 μM). At
these concentrations the protein/DNA ratio was 1 molecule of
Abf2p or Ilv5p per 3 or 7 bp of DNA, respectively.
To quantify the amounts of Ilv5p and Abf2p associated with
DNA, fractions (Fig. 3A) were combined and aliquots were
separated by SDS-PAGE along with purified Ilv5p and Abf2p
proteins of known concentration and subjected to immunoblot
analysis. The results of such analyses confirmed that we had used
saturating concentration of Abf2p, as the amounts of bound
protein did not increase when concentrations from 5 to 20 μM
were incubated with fixed amount of DNA (data not shown).
Further, the amount of Abf2p associated with DNA did not
change in the presence of Ilv5p (Fig. 3B), indicating that Ilv5p
was not able to out compete Abf2p consistent with the lower
affinity of Ilv5p for DNA. The amount of Ilv5p bound to DNA
was only partially reduced in the presence of Abf2p, indicating
that the presence of Abf2p did not prevent binding of Ilv5p. To
rule out the possibility that Ilv5p binding to Abf2p–DNA com-
plex was mediated by its direct binding to Abf2p we measured
interaction between Abf2p and Ilv5p using glycerol gradient
centrifugation (Fig. 3C), a technique we used previously to
monitor interactions among mitochondrial chaperones [20]. Fol-
lowing glycerol gradient centrifugation peaks representing Abf2p
and Ilv5p did not overlap (Fig. 3C), consistent with these proteins
not forming a stable complex. However, we could not exclude the
rather unlikely possibility that upon binding to DNA the con-
formation of Abf2p changed in such way that it allowed inter-
action with Ilv5p. Altogether, we interpret these results as
indication that under in vitro conditions Abf2p does not prevent
interaction of Ilv5p with the same molecule of DNA.
3.3. Ilv5p can compensate for the loss of Abf2p in the
mitochondrial nucleoid
If the mtDNA-binding activity of Ilv5p is important to rescue
the loss of Abf2p [12] we expected that in abf2Δ cells, the amount
of Ilv5p associated with the nucleoid should increase. To test this
prediction we isolated the nucleoid complex using sucrose
gradient centrifugation [2]. In mitochondrial extracts from wild-
type cells (Fig. 4A) proteins associated with mtDNA (Abf2p) co-
localized in the middle of the gradient (fractions 6–13) and werebf2p. Association of Ilv5p with the nucleoid was analyzed after sucrose gradient
rom WT strain, (A, D); abf2Δ strain (B); abf2Δ strain harbouring plasmid
subjected to ultracentrifugation in linear 35–70% or 35–60% sucrose gradients
two mtDNA fragments (oli1 and ori5) and for protein content using immunoblot
e I as described in “Materials and methods”. (E) Quantitative analysis of mtDNA
A fragment from fractions containing the highest concentration of mtDNA as
present average values for three separate measurements, error bars represent SD
ains is not statistically significant (t-test, pN0.05). (F) To quantify the amount of
s were mixed with predetermined amounts of purified Ilv5pHis containing 6-His
and subjected to immunoblot analysis using anti-Ilv5p antibodies (see also
ided by Quantity One software (Bio-Rad). The plot represents the ratio of Ilv5p/
represent average values for three separate measurements, error bars represent
Fig. 5. Respiratory function in abf2Δ strains depends on the cellular levels of
Ilv5p. (A) At time point 0 h WT, abf2Δ and abf2Δ Ilv5p↑ strains were shifted
from glycerol-containing medium to the medium containing either 2% glucose
(Glu) or 2% raffinose (Raf), as indicated, and then grown at 30 °C. At indicated
time points aliquots were collected, plated onto glucose containing medium, and
the remainder of the culture was diluted to OD600 of 0.1 in order to keep the
cultures in the logarithmic growth phase. The next day, colonies were replica
plated on glycerol-containing medium, and the percentage of the respiratory
competent colonies was determined. WT grown on glucose, circle; abf2Δ
harbouring plasmid overproducing Ilv5p↑ and grown on raffinose, diamond;
abf2Δ grown on raffinose, triangle up; abf2Δ harbouring plasmid overproducing
Ilv5p↑ grown on glucose, triangle down; abf2Δ grown on glucose, square.
(B) At time point 48 h, immunoblot analyses using antibodies against indicated
proteins were preformed to visualize the cellular levels of Aco1p, Ilv5p, Abf2p
proteins. Porin levels were used as loading controls. These results are
representative for three independent experiments.
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perone) and detergent-solubilized inner membrane proteins
(Aac1p, ATP-ADP carrier), which stayed at the top of the gra-
dient. Following such separation Ilv5p was found mostly at the
top of the gradient (85%). However, a significant fraction of Ilv5p
(15%) co-localized with mtDNA and Abf2p, consistent with
previous observations [21]. To confirm that our method enabled
us to isolate intact mitochondrial nucleoids we performed a con-
trol experiment in which the mitochondrial extract was treated
with DNase I prior to centrifugation. As expected, such treatment
resulted in degradation of mtDNA (Fig. 4D) and also in a shift of
proteins associatedwithmtDNA to the top fractions of the sucrose
gradient (Abf2p, Ilv5p).
Next, we asked how the lack of Abf2p affected the protein
composition and structure of the nucleoid. To this end, cells
were cultivated for 48 h on glucose media before purification of
mitochondria, conditions which promote mtDNA loss in the
abf2Δ strain (Supplementary Fig. S7 and [8]). We observed
that the position of the mtDNA in sucrose gradients of mito-
chondrial extracts obtained from abf2Δ cells shifted toward the
top of the gradient from fraction 9 to fraction 7 (Fig. 4A–C),
indicating, that nucleoids isolated from abf2Δ strain had most
likely an altered structure of lower density consistent with
previously published observations [8]. However, Ilv5p partially
co-localized with mtDNA as was seen with the wild-type strain.
To confirm that the co-localization of Ilv5p with mtDNA in
abf2Δ cells is not merely due to the shift of the nucleoid
complex toward the upper fractions of the gradient we repeated
the sucrose gradient centrifugation using lower concentrations
of sucrose to allow better separation of the soluble and nucleoid
bound fraction of Ilv5p. Indeed, fractions of Ilv5p that co-
localized with mtDNA are well separated from soluble Ilv5p
(Fig. 4A, B, right panel).
Mitochondria were also isolated from the abf2Δ strain in
which Ilv5p was overproduced during 48 h growth on glucose
media (Fig. 4C). Overproduction of Ilv5p inhibits the loss of
functional mtDNA (Supplementary Fig. S6, Fig. 5 and [12]).
Also in this case a fraction of Ilv5p co-localized with mtDNA.
Finally, we tested if the growth of abf2Δ cells on media con-
taining glycerol, conditions which result in stable maintenance
of functional mtDNA (Supplementary Fig. S7) affected the co-
localization of Ilv5p with mtDNA. We also found that under
such growth conditions Ilv5p co-localized with the mtDNA
(data not shown).
As the results detailed in Fig. 4A–D are at best semi-quan-
titative, we were unable to directly assess whether the amount of
Ilv5p associated with mtDNA increased in abf2Δ cells over-
producing Ilv5p. Therefore, to estimate quantitatively the ratio
of Ilv5p to mtDNA in the nucleoid, the peak fractions from the
sucrose gradients (indicated by frames in Fig. 4A–C) were used
for further quantitative analysis.
First, the amount of mtDNAwas estimated by real-time (RT)
PCR amplification of the ori5 mtDNA fragment using known
amounts of purified ori5 DNA fragments as standards. As ex-
pected, growth on glucose resulted in more than a 10 fold
reduction of mtDNA present in the nucleoid isolated from the
abf2Δ strain (Fig. 4E). Second, to quantify the amount of Ilv5passociated with the nucleoid we used quantitative western blot
analysis. Aliquots (20 μl) of the sucrose gradient fraction
indicated by frames in Fig. 4A–Cweremixedwith predetermined
concentrations of purified Ilv5pHis. These mixtures of proteins
were separated by electrophoresis and subjected to immunoblot
analysis using polyclonal antibodies specific to Ilv5p. Purified
Ilv5pHis migrated on the gel more slowly than the native Ilv5p
present in the sucrose gradient, allowing quantification of the
protein in these fractions (Supplementary Fig. S8) and an
estimation of the ratio of Ilv5p to mtDNA in the nucleoid
complex.We determined that the Ilv5p/mtDNA ratio increased 10
fold in the nucleoid isolated from abf2Δ in comparison to the
Ilv5p/mtDNA ratio in the wild-type mitochondrial nucleoid
(Fig. 4F). Moreover, overproduction of Ilv5p resulted in a further
Fig. 6. Mutant Ilv5p(W327R)His exhibits an altered DNA-binding ability which
is exacerbated at high temperature. (A) Various concentrations of Ilv5p
(W327R)His (0.02; 0.04; 0.15; 0.60; 2.40; 4.80 μM) were incubated with
32P-
labeled DNA probe (1.0 nM) at 4 and 37 °C as indicated, and samples were
treated as described in legend to Fig. 2. (B) Purified Ilv5pHis and Ilv5p
(W327R)His (2 μg each) were incubated for 15 min in 20 μl of buffer A at
indicated temperatures (4, 25, 30, and 37 °C), prior to centrifugation (18,000 ×g,
1 h, at 4 °C) through a sucrose cushion. A sample was collected from the top
(soluble fraction) and aggregated protein at the bottom of the tube was
solubilized prior to gel electrophoresis. Plots representing quantification of
protein content were obtained by densitometry analysis using Quantity One
software (Bio-Rad) after analysis of protein content in soluble and aggregated
fractions by SDS-PAGE and coomassie blue staining.
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from the abf2Δ overexpressing Ilv5p (Fig. 4F).
3.4. Overexpression of Ilv5p stabilizes mtDNA in the abf2Δ
strain
To determine whether the observed increase of the Ilv5p/
mtDNA ratio in isolated nucleoids could be correlated with the
stabilization of mtDNA in vivo, we overproduced Ilv5p in the
abf2Δ strain. Following initial growth on glycerol media to
retain mtDNA cultures were diluted in either glucose or
raffinose containing media. Consistent with previously pub-
lished results [8], mtDNAwas quickly lost in the control abf2Δ
strain when grown on glucose, as confirmed by the absence of
colonies when plated on glycerol. In contrast, 20% of cells
harbouring plasmids overproducing Ilv5p maintained respira-
tion for 120 h of growth on glucose media. From these results,
we concluded that overproduction of Ilv5p which increases the
Ilv5p/mtDNA ratio in the isolated nucleoid, correlated well with
the ability to maintain functional mtDNA in a significant
fraction of cells. Next, we tested if the same was true for cells
grown on raffinose media. Under such growth conditions
expression of mitochondria related genes is not suppressed (for
example compare levels of aconitase in cells grown on raffinose
versus glucose media Fig. 5B). Growth on raffinose alone was
sufficient to suppress the loss of mtDNA, as approximately 20%
of cells maintained respiratory capability for 120 h. This
observation is consistent with recently published data [13]
showing that an increase of the aconitase level upon growth on
raffinose is responsible for maintenance of mtDNA in abf2Δ
cells. However, overexpression of Ilv5p in cells grown in
raffinose resulted in more efficient protection of functional
mitochondrial genomes, as the respiratory competent fraction of
cells increased to 60% (Fig. 5). The most likely interpretation of
these observations is that higher Ilv5p concentrations led to an
increase of the Ilv5p/mtDNA complex that was directly res-
ponsible for stabilization of mtDNA, regardless of the presence
of other proteins (e.g. aconitase) which might play a similar role
in of the maintenance of mtDNA [22].
3.5. Mutant Ilv5p(W327R) displays altered DNA-binding
activity that is inhibited at high temperature
To enhance our confidence that Ilv5 binding to mtDNA is
directly responsible for the stabilization of mtDNA and for the
ability to complement an ABF2 deletion, we analyzed DNA-
binding properties of mutant Ilv5p(W327R). This mutant was
previously shown to lack the mtDNA stability function, whilst it
maintained its enzymatic activity [23]. Following purification
and testing of the mutant protein under standard conditions we
observed DNA binding, albeit with a band shift pattern differing
markedly from the wild-type Ilv5p (Fig. 6A). As ilv5(W327R)
was reported to be temperature sensitive, we tested the stability
of Ilv5p(W327R) protein at various temperatures (Fig. 6B)
using sedimentation assays in which purified protein was
incubated at high temperature, prior to short centrifugation
through a sucrose cushion. Following such treatment, solubleprotein remained at the top of the tube whereas insoluble
aggregated protein sediment at the bottom. At 4 and 25 °C Ilv5p
(W327R) remained mostly soluble, but a significant amount of
protein aggregated following incubation at 30 °C and most of
the protein was insoluble after incubation at 37 °C (Fig. 6B).
Consistent with these results, lack of DNA binding was ob-
served for Ilv5p(W327R) incubated at 37 °C. (Fig. 6A). In
contrast, wild-type Ilv5p incubated at 37 °C remained mostly
soluble (Fig. 6B) and its DNA-binding activity was only
slightly affected by incubation at high temperature (Fig. 6A).
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incubated at high temperature was similar to the pattern
observed for Ilv5p assayed under standard conditions.
From these results we concluded, that a defect in DNA
binding could explain the decrease of mtDNA stability of the
ilv5(W327R) strain, [23]. However, defective DNA binding
appeared to be a consequence of aberrant folding and lower
protein stability of the mutant protein, rather than a specific
defect in protein–DNA interaction. Our in vitro results could
possibly explain the published observations [23] that the Ilv5p
(W327R) mutant is enzymatically active but unable to stabilize
mtDNA. We postulate that only a relatively small amount of
active protein is sufficient to provide necessary enzymatic
function (although this has not been formerly verified), whilst
the mtDNA stabilization function will require larger amounts,
particularly as the affinity for DNA is rather low.
4. Discussion
In this report we show for the first time that Ilv5p directly binds
DNA. The Ilv5p–DNA-binding activity was significantly inhi-
bited in the presence of non-specific competitor poly (dI–dC).
However, competitors containing GC but not AT nucleotides
were able to efficiently out compete Ilv5p–DNA interaction
indicating that Ilv5p has higher affinity for stretches of DNA
sequences rich in GC nucleotides. We also ruled out the
possibility that the ability to bind di-nucleotide (NADPH) is
responsible for Ilv5p–DNA interaction, as we did not observe
significant inhibition of DNA binding in the presence of satu-
rating concentration of NADPH. As Ilv5p does not have any
obvious sequence or structural features which could predispose it
to interact with DNA, it is very likely that positively charged
amino acids located on the surface of this protein mediate its
affinity to DNA.
Ilv5p is not the only mitochondrial protein that has been
shown to bind DNA both in vitro and in vivo yet has no known
role in mtDNA metabolism. For example, Arg5p and Arg6p,
mitochondrial enzymes which mediate two key steps in the
biosynthesis of ornithine, were reported to bind dsDNA in vitro
and to be associated with mtDNA in vivo [24]. It is not known
however, whether Agr5p,6p are able to suppress a deletion of
ABF2. Further, a mitochondrial chaperone Hsp60 was shown
to bind ssDNA [21] and was also implicated in the maintenance
of the mitochondrial genome [25]. Two common features of all
these proteins are the lack of an obvious sequence or structural
motif responsible for DNA binding, and also their rather mode-
rate affinity for DNA. With reference to this point it is inte-
resting to consider that during our work on this project Ronald
Butow showed that aconitase (Aco1p) also directly binds DNA
and is able to suppress the phenotype of abf2Δ strain [22]
(see also Supplementary Fig. S2).
Is the association of Ilv5p with the nucleoid complex due
directly to its DNA-binding activity? Ilv5p is associated in vivo
with the nucleoid both in the presence or absence of Abf2p,
indicating that Abf2p is not mediating this interaction. Consistent
with this, we did not detect Abf2p–Ilv5p duplex formation by
glycerol gradient centrifugation or sizing chromatography.Moreover, we have shown that both proteins could interact with
the samemolecule of DNA, indicating that the presence of Abf2p
does not prevent Ilv5p binding. These observations are consistent
with published biophysical studies implicating that both the off-
rate of the Abf2p protein and the limited compaction of the
Abf2p–DNA complex should aid in allowing other proteins and
enzymes access to mtDNA [4,5]. In addition, a significant
increase of Ilv5p/mtDNA ratio was noted in cells lacking Abf2p
indicating that Ilv5p is able to replace Abf2p in the nucleoid.
Moreover, the amount of Ilv5p associated with the nucleoid
increases once Ilv5p is overproduced in abf2Δ cells. The most
likely interpretation of these results is that direct DNA-binding
activity is responsible for Ilv5p association with mtDNA. We
cannot rule out however, that Ilv5p associates with, yet uni-
dentified, protein component(s) of the nucleoid. To distinguish
between these two mechanisms of Ilv5p binding to the nucleoid
one would have to find a mutant form of Ilv5p defective in
interaction with DNA. Unfortunately, the previously character-
ized mutant Ilv5p(W327R) [23] meets this criteria only partially,
as our data suggests the DNA-binding defect could be most likely
explained by a folding defect and protein instability, particularly
at higher temperature.
Could the DNA-binding activity of Ilv5p explain its role in
stabilization of the mitochondrial genome? As Ilv5p does
indeed bind to mtDNA, then the simplest explanation of its
function is that it provides additional protection against factors
such as reactive oxygen species (ROS), or enzymes which could
damage mtDNA. This is likely to be of substantial importance
for mtDNA maintenance and stability as mtDNA is stationed
close to the complexes of the mitochondrial respiratory chain,
the main source of ROS production in the cell. It was shown that
in mitochondria isolated from cells lacking Ilv5p, mtDNA is
more sensitive to DNase I treatment in vitro [26]. Interestingly,
similar sensitivity to DNase I treatment was observed for
mtDNA in organelles isolated from cells lacking Abf2p [8]. One
could expect that such “protection” of mtDNA would lead to a
delay of mtDNA degradation, but it is difficult to believe that
such protection would be sufficient to promote stability of the
mitochondrial genomes for the time necessary to allow faithful
transmission during cell division. An alternative possibility is
that bi-functional enzymes, such as Ilv5p, provide infrastructure
within the nucleoid complex.
How important for the stability of mtDNA is the relatively
weak mtDNA binding of Ilv5p? Observations that the deletion
of ILV5 resulted in instability of mtDNA in cells growing on
fermentable carbon source might suggest that its effect is quite
strong [12,13]. Interestingly, the bacterial orthologue of Ilv5p
has been shown to replace the metabolic function of Ilv5p, but
not its function in mtDNA maintenance [23]. It is not known
however, whether the bacterial homolog binds DNA. On the
other hand one can argue that the effect of Ilv5p on mtDNA
stability might not be direct, and instead of being dependent on
the association of Ilv5p with the nucleoid complex, it might
have resulted indirectly from the lack of its metabolic functions.
This is unlikely, as, it was shown previously that a mutant
lacking enzymatic activity is capable of maintaining mtDNA
[13,23]. Moreover, we have shown here that the effect of Ilv5p
117M. Macierzanka et al. / Biochimica et Biophysica Acta 1783 (2008) 107–117on the stabilization of mtDNA in abf2Δ cells is directly
proportional to its mitochondrial concentration regardless of the
growth conditions. On raffinose media, where induction of
other mitochondrial enzymes (e.g. aconitase) leads to increased
stabilization of mtDNA [13], we observed additional protection
by overexpression of Ilv5p. The simplest interpretation of these
results is that the increased concentration of Ilv5p in the mito-
chondrial matrix leads to the increase of Ilv5p directly as-
sociated with the mtDNA. Another prediction one can make
based on the hypothesis that protein–DNA interaction is im-
portant for stabilization of mitochondrial genomes is that tar-
geting to mitochondria of a heterologous DNA-binding protein,
should stabilize mtDNA. Indeed, it was shown before that
expression in yeast cells of the bacterial DNA-binding protein
HU fused to a mitochondrial targeting sequence leads to pro-
tection of mtDNA in abf2Δ cells [7]. Thus, perhaps it is not
merely the enzymatic activity but the ability to bind DNAwhilst
retaining other biochemical properties that has shaped the
evolution of Ilv5p to serve a second role as a component of the
mitochondrial nucleoid.
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